Objective: Hypothalamic amenorrhea (HA) is a functional disorder caused by disturbances in gonadotropin-releasing hormone (GnRH) pulsatility. The mechanism by which stress alters GnRH release is not well known. Recently, the role of corticotropin-releasing hormone (CRH) and neurosteroids in the pathophysiology of HA has been considered. The aim of the present study was to explore further the role of the hypothalamic-pituitary-adrenal axis in HA. Design: We included 8 patients (aged 23.16 Ϯ 1.72 years) suffering from hypothalamic stress-related amenorrhea with normal body weight and 8 age-matched healthy controls in the follicular phase of the menstrual cycle. Methods: We measured basal serum levels of FSH, LH, and estradiol and evaluated ACTH, allopregnanolone and cortisol responses to CRH test in both HA patients and healthy women. Results: Serum basal levels of FSH, LH, and estradiol as well as basal levels of allopregnanolone were significantly lower in HA patients than in controls (P < 0.001) while basal ACTH and cortisol levels were significantly higher in amenorrheic patients with respect to controls (P < 0.001). The response (area under the curve) of ACTH, allopregnanolone and cortisol to CRH was significantly lower in amenorrheic women compared with controls (P < 0.001, P < 0.05, P < 0.05 respectively).
Introduction
The role of neurosteroids in reproductive disorders is still under discussion. The term neurosteroids has been applied to steroids synthesized in the brain either de novo or by the in situ metabolism of blood-borne precursors (1) . Neurosteroids can act through either a genomic or a non-genomic effect. The genomic effect is mediated by a cytoplasmatic receptor and the non-genomic effect by the direct interaction with the GABA-A receptor. Allopregnanolone (3a-hydroxy-5a-pregnan-20-one) is the most diffuse neurosteroid, acting as an agonist on the GABA-A receptor. Experimental studies have shown that allopregnanolone is involved in stress, mood and sexual behavior (2) (3) (4) .
The changes in brain allopregnanolone concentration in female rats during the estrous cycle (5) and the effect provoked by the intracerebroventricular injection of allopregnanolone or its antiserum on rat ovulatory function (6) , suggest that brain allopregnanolone is involved in modulating reproductive function. Serum allopregnanolone levels increase in response to corticotropin-releasing hormone (CRH) or adrenocorticotropin (ACTH) tests in fertile subjects, thus indicating that the adrenals are a major source of circulating allopregnanolone. On the other hand, the ovary contributes to allopregnanolone synthesis in rats and humans. In fact, plasma concentrations of this steroid hormone vary during the menstrual cycle, with higher levels in the luteal phase than in the follicular phase (0.79 Ϯ 0.30 nmol/l in the follicular phase and 3.69 Ϯ 0.96 nmol/l in the luteal phase) (7). Moreover, higher levels have also been observed during pregnancy (8) . Finally, it is possible to assess allopregnanolone directly in rat ovarian tissue (9) . It has been demonstrated that allopregnanolone levels in postmenopausal women are similar to those observed in fertile subjects in the follicular phase. There are no data in the literature concerning circulating allopregnanolone levels in hypothalamic amenorrhea. Hypothalamic amenorrhea (HA) is a functional disorder characterized by an altered gonadotropin-releasing hormone (GnRH) pulsatility (10), improper pulsatile gonadotropin secretion (follicle-stimulating hormone (FSH) and luteinizing hormone (LH)) and, in turn, altered ovarian steroidogenesis (11) . A GnRH pulsatility within a critical range (frequency and amplitude) normally stimulates gonadotropin secretion, thus ensuring a normal menstrual cycle (12) . It is known that psychological and physical stress may lead to amenorrhea by influencing GnRH pulsatility (13) . Several neuroendocrine changes occur in HA, such as modifications of opioid peptide, melatonin (14-16) or of CRH levels (17, 18) . CRH, a 41 amino acid peptide, is secreted by the hypothalamus (supraoptic, paraventricular and arcuatus nuclei) and is responsible for the pituitary secretion of preopiomelanocortin-related peptides (19) . CRH inhibits GnRH secretion directly or indirectly by increasing b-endorphin secretion, thus suppressing the electrophysiological activity of the GnRH pulse generator (20) (21) (22) . The aim of the present study was to investigate ACTH, allopregnanolone and cortisol responses to CRH test in women with HA compared with fertile age-matched women.
Subjects and materials

Subjects
In this study, we included women (n ¼ 8) with hypothalamic amenorrhea of at least 6 months duration (aged 21-26 years: mean 23.2 Ϯ 1.72 years) and age-matched normal women in the follicular phase of the menstrual cycle (n ¼ 8). All patients and healthy volunteers gave written informed consent to the investigation, which was approved by the local Ethical Committee. All subjects had a careful medical history performed. Menstrual status (age of menarche, regularity of cycles, duration of amenorrhea), nutritional status (height, weight, body mass index (BMI)), exercise and stressful life events were evaluated in all subjects. Amenorrheic women had a history of stressful events which preceded the onset of amenorrhea, such as familiar, scholastic or working problems. The patients underwent psychological testing including the Structural Clinical Interview for the DSM IV, to rule out significant psychiatric diseases that might affect the hypothalamic-pituitary-adrenal axis. The diagnosis of hypothalamic amenorrhea was confirmed by studying the typical hormonal profile (low levels of FSH, LH and estradiol) and characteristic medical history. The duration of amenorrhea ranged from 12 to 36 months (mean 19.0 Ϯ 9. 61 months). The mean Ϯ S.E.M. weight of the patients was within the normal range (61.7 Ϯ 6.43 kg; BMI: 22.5 Ϯ 1.37 kg/m 2 ) ( Table 1) . None had a history of weight loss prior to the study nor did they engage in regular exercise, have any chronic medical disease, anorexia nervosa, clinical depression, endocrine or thyroid disease. None of the patients had taken any hormonal medication 6 months prior to the study.
The 8 age-matched controls were healthy normally cyclic females (menstrual cycle duration from 28 to 32 days). The body weight of control patients was in the normal range (mean 60.7 Ϯ 7.0 kg; BMI: 22.5 Ϯ 1.9 kg/m 2 ) ( Table 1) . None of the controls had taken any hormonal preparation since at least 6 months prior to the study. Blood samples were taken in the early follicular phase of the menstrual cycle (days 4-6 of menstrual cycle).
Protocol
Basal blood samples for FSH, LH, estradiol, ACTH, cortisol and allopregnanolone measurement were drawn between 08.00-09.00 h, after overnight fasting. CRH test was performed by inserting a catheter into an anticubital vein while slow infusion of 0.9% saline solution was started. Two baseline blood samples were obtained at ¹15 min and time zero. Further blood samples were collected 15, 30, 60, 90 and 120 min after an intravenous bolus injection of human CRH (100 mg) (Clinalfa AG, Laufelfingen, Switzerland). Blood samples were transferred into glass tubes, centrifuged (15 min at 3000 g) and stored at ¹70 ЊC until assessment of ACTH, allopregnanolone and cortisol levels.
FSH, LH, estradiol, ACTH and cortisol assays
All hormones were assayed using RIA methods (Radim Spa, Pomezia, Italy). FSH intra-and interassay coefficients of variation were 4.2% and 6.2% respectively; sensitivity was 0.18 mIU/ml. LH intra-and interassay coefficients of variation were 7.8% and 8.2% respectively; sensitivity was 0.2 mIU/ml. Estradiol intra-and interassay coefficients of variation were 2.0% and 2.8% respectively; sensitivity was 10 pg/ml. ACTH intra-and interassay coefficients of variation were below 6.7%; sensitivity was 10 pg/ml. For cortisol, the sensitivity was 0.9 nmol/l and the intra-and interassay coefficients of variation were 3.6% and 7.3% respectively.
Allopregnanolone assay
Analytical grade solvents were purchased from Merck (Darmstadt, Germany); C-18 Sep-Pak cartridges were obtained from Waters Corporation (Milford, MA, USA). Standard allopregnanolone was purchased from Sigma Chemical Co. (St Louis, MO, USA) and pregnan-3a-ol-20-one, 5a- [9,11,12,-3 H(N)] (45 Ci/nmol) from Amersham (Amersham, Bucks, UK). The polyclonal antisera, raised in sheep against allopregnanolone carboxymethyl ether coupled to BSA, were kindly provided by Dr R H Purdy. Serum samples (1 ml) were thawed. The assay was performed as previously described (23) .
The sensitivity of the assay, expressed as a minimal amount of allopregnanolone distinguishable from the zero sample with 95% probability, was 15-20 pg/tube. The mean percentage recovery of tritiated allopregnanolone after extraction and chromatography was 85.5 Ϯ 12.7 and the intra-and interassay coefficients of variation of the allopregnanolone assay were 7.2% and 9.1% respectively.
Statistics
Basal hormonal evaluations were expressed as means Ϯ S.D.; allopregnanolone, ACTH, and cortisol responses to CRH test were calculated as DAUC (area under the curve (AUC) after CRH stimulation¹basal AUC) and compared between controls and HA by means of Student's t-test. Significant variations of mean ACTH, allopregnanolone and cortisol during CRH test were analyzed with ANOVA. The Bonferroni test was used to compare ACTH, allopregnanolone and cortisol means at all times with the mean at baseline. Alpha was set at 0.05. Multivariate ANOVA (MANOVA) was used to verify whether the means of ACTH, allopregnanolone and cortisol during the test were different in HA compared with control subjects.
Results
Serum FSH, LH, b-estradiol, ACTH, allopregnanolone and cortisol levels are shown in Table 1 . Basal serum allopregnanolone levels were significantly lower in HA than in controls (P < 0.001) ( Table 1) . On the other hand, basal ACTH and cortisol levels were significantly higher in HA than in controls (P < 0.001) ( Table 1) . No significant differences were observed between progesterone levels in HA and in controls (Table 1) and no correlation existed between progesterone and allopregnanolone levels either in controls or in HA. The responses of ACTH, allopregnanolone, and cortisol to CRH stimulation test are shown in Fig. 1 .
In control subjects, ACTH, allopregnanolone and cortisol levels increased significantly (P < 0.001); in particular, means at times 30, 60, and 90 min were significantly higher than means at baseline for allopregnanolone and cortisol, while ACTH was increased at 15, 30, and 60 min. In HA, no significant differences in ACTH and allopregnanolone were observed during the test, while cortisol increased at 30 min. With the MANOVA, the means of ACTH, allopregnanolone and cortisol were significantly different between HA and control subjects at different times during CRH test.
ACTH, allopregnanolone and cortisol responses (DAUC) to CRH test in amenorrheic women were significantly lower than in controls (Fig. 2) .
Discussion
The present study shows that women with HA have lower allopregnanolone basal levels, although ACTH and cortisol levels are higher than in healthy women. Moreover, amenorrheic women are characterized by blunted ACTH, allopregnanolone, and cortisol responses to CRH. The present study confirms previous reports of hypercortisolemia in women with HA (24) (25) (26) . Other studies showed no differences in ACTH basal levels between HA patients and normal women (27, 28 cortisol could be helpful for a better understanding of the changes in ACTH and cortisol in HA. The present study shows that basal allopregnanolone levels are reduced in HA. Allopregnanolone is a derivative of progesterone, synthesized in the gonads, adrenal cortex, and central nervous system (29, 30) . The decrease in allopregnanolone could be related to a decreased progesterone availability in HA. The present study rules out this possibility because progesterone levels were not significantly different between HA and control women in the follicular phase, and no correlation was observed between allopregnanolone and progesterone levels either in controls or in HA.
The effects provoked by an intracerebroventricular injection of allopregnanolone or its antiserum on rat ovulatory function strongly indicate that there is a correlation between central nervous system levels of allopregnanolone and reproductive function (6, 23 and the estrous cycle (5). Moreover, in humans, it has been reported that circulating allopregnanolone levels vary throughout the menstrual cycle. The luteal phase is characterized by high levels of allopregnanolone. There are controversial results regarding the possible role of allopregnanolone in the pathogenesis of premenstrual-related anxiety (32) (33) (34) (35) . A recent study revealed that patients, both male and female, with major unipolar depression have about 60% less allopregnanolone in their cerebrospinal fluid than control subjects. Allopregnanolone cerebrospinal fluid levels increased after treatment with selective serotonin reuptake inhibitors but progesterone levels did not, indicating a specific role of neuroactive steroid biosynthesis in the pathogenesis of anxiety in this mood disorder (36) . It has been hypothesized that the mood changes observed in women during the third trimester of pregnancy may be correlated with an increase in serum allopregnanolone levels and with an increase in GABA-A receptor sensitivity to GABA-agonists (8) .
Allopregnanolone may affect numerous brain areas and modulate sexual behavior, memory, mood changes and response to stress (37) . Acute stress causes an increase in allopregnanolone levels in rat brain and plasma. Allopregnanolone exerts barbiturate-like effects with anxiolytic, hypnotic and anesthetic effects by enhancing GABAergic transmission, acting as an endogenous stress protective agent (38) . The low allopregnanolone levels observed in HA women may be a consequence of the exposure to chronic stress in these patients; the reduced circulating allopregnanolone levels, in turn, determine a reduction in its antistress protective effects.
The present study confirms that women with HA have an attenuated ACTH and cortisol response to CRH (27, 28) . A similar blunted response to CRH also occurs in patients with anorexia nervosa or depression, both characterized by endogenous CRH hyperactivity (39) (40) (41) . Different hypotheses have been proposed to try to explain what causes high ACTH and cortisol resting levels and blunted ACTH and cortisol responses to CRH in HA. The chronic exposure to high levels of CRH probably determines a decrease in sensitivity and a reduced expression of CRH receptor. In addition, the low levels of ACTH in response to CRH fail to stimulate both cortisol and allopregnanolone release. Finally, one cannot exclude an altered glucocorticoid receptor function in HA.
In conclusion, women with HA are characterized by lower basal allopregnanolone and higher ACTH and cortisol levels with respect to controls, and by impaired allopregnanolone, ACTH and cortisol response to CRH. Further studies are necessary to better define the role of allopregnanolone in the setting of HA. 
